Feline immunodeficiency virus (FlY) 
from FIV-infected cats into highly (>95%) purified CD4+ cell, CD8+ cell, immunoglobulin-positive (Ig+) cell, and monocyte subpopulations. The mononuclear cell subpopulations were analyzed for FlV provirus by polymerase chain reaction and Southern blot analysis and for virus expression by RT activity. All Information obtained to date on the pathogenesis of feline immunodeficiency virus (FIV) infection suggests that it is a valuable animal model for human immunodeficiency virus type 1 (HIV-1)-induced AIDS. HIV-1 and FIV belong to the lentivirus subfamily of retroviruses and have similar morphologies, protein compositions, and Mg2+-dependencies of their reverse transcriptases (RT) (23, 24) . Both viruses infect T lymphocytes and macrophages and are capable of inducing these cells to form syncytia (3, 10, 24) . HIV-1 displays a particular tropism for CD4+ lymphocytes, which leads to their gradual depletion and an inversion of the CD4+/CD8+ ratio (5, 17) . The pathogenesis of HIV-1 infection has been attributed to virus-induced reduction of CD4+ lymphocyte numbers and functions, resulting in decreased immune responsiveness and subsequent severe secondary infections (17) .
There have been limited studies reported on the cell tropism of FIV. Brown et al. (2) recently reported that both CD4+ and CD8+ lymphocytes can be infected in vitro with the Petaluma and the PPR isolates of FIV. In vivo, FIV has been detected in lymphocytes (23) , peritoneal macrophages (3), and central nervous system tissue (7). However, there have been no reports addressing in vivo peripheral blood mononuclear cell (PBMC) subset tropism of this virus.
Lymphocyte subset alterations similar to those seen in HIV infections have been reported to occur in FIV infections, suggesting that there may be a selective cell tropism in * Corresponding author.
vivo. We recently showed that cats naturally infected with FIV have a T-cell lymphopenia, characterized by a decrease in CD4+ cells, and an inversion of the CD4+/CD8+ ratio (21) . In addition, we (30) and others (1, 33) have reported that cats experimentally infected with FIV develop an inverted CD4+/CD8+ ratio characterized by a decrease in CD4+ cell numbers and, in some cases, an increase in CD8+ cell numbers (1, 30) . B-cell numbers, on the other hand, are unaffected in natural (21) or experimental (1, 30) FIV infections. To further address the issue of FIV cell tropism and how it may relate to the observed in vivo changes in lymphocyte populations, we examined the susceptibilities of feline T-cell subsets to in vitro infection with the NCSU1 strain of FIV (FIV-NCSU1) and analyzed B and T cells from FIV-infected cats for the presence of FIV provirus. We report herein that both CD4+ and CD8+ cells are susceptible to FIV infection in vitro. Similar to the in vitro susceptibility, both T-cell subsets are infected in vivo in naturally infected cats and in cats experimentally infected with FIV. In addition, immunoglobulin-positive (Ig+) cells from all the cats examined are also infected with FIV. Moreover, in the 5176 ENGLISH ET AL.
was used for the in vitro infection studies and has been described previously (30 4 days, at which time flow cytometric analysis was repeated. All cultured cell populations retained their high degree of purity (>95%). Culture supernatants from these 4-day cultures were harvested to assay for virus production, and nonadherent cells were harvested for provirus detection.
Virus production was measured by using FCD4-D cells as targets of infection. FCD4-D cells (2 x 105) were treated with DEAE-dextran (25 ,ug/ml) for 30 min and then washed and incubated with 100 ,ul of filtered (0.45 ,um), 4-day supernatant from sorted lymphocyte cultures. After 24 h, the cells were washed and resuspended in 100 ,ul of fresh culture medium, and 10 pl of supernatant was collected every 3 days to assay for RT activity.
RT assay. The assay for Mg2 -dependent RT activity was performed as described previously (21) and is a modification of the procedure of Goff et al. (11) (28) . A 583-bp segment was amplified from the gag p26 region by using a minus-strand primer (FIV-1, 5'-CCACAATATGTAGCACTTGACC) and a plusstrand primer (FIV-2, 5'-GGGTACTTlCTGGCITAAG GTG). To allow double amplification with nested primers, we used primers FIV-7 (5'-TGACGGTGTCTACTGCTGCT) and FIV-8 (5'-CACACTGGTCCTGATCC`I"TTT), which amplify an 838-bp gag segment which includes the region amplified by FIV-1 and FIV-2. PCR amplification was performed with either 1.0 tg of sample DNA or 50 ,ul of cell lysate (105 cells) and the Gene Amp kit under previously determined optimal conditions for these primers and template sequence (0.1 ,um each primer, 1.5 mM MgCl2, and 2.0 U of Taq polymerase per 100-pl reaction mixture). An amplification cycle of 95°C for 45 s, 59°C for 45 s, and 72°C for 45 s was repeated 35 times and was followed by a 7-min, 72°C extension cycle. Ten microliters of amplified product was run on a 1.2% agarose gel, which was then transferred to a nitrocellulose membrane (Bio-Rad). Membranes were hybridized for 12 to 18 h at 420C with two 32P-terminally labelled, internally located oligonucleotides (5'-TACTGAC ATGGCCACATT and 5'-GCTCCCAGACCATTACCCTA). After three washes in lx SSC (0.15 M NaCl plus 0.015 M sodium citrate)-1% sodium dodecyl sulfate at 370C, blots were exposed to radiographic film for 2 to 24 h. These primers and probes did not recognize any sequences from normal cat PBMCs, from FCD4-D or FCD8-CH cells, or from feline leukemia virus-infected FL-74 cells. By limitingcell-dilution PCR and Southern analysis, these primers are able to detect provirus in as few as 100 PBMCs from FIV-infected, asymptomatic cats in a background of 105 uninfected PBMCs.
RESULTS
In vitro infection of lymphocyte cultures. FCD4-D (CD4+) cells and FCD8-CH (CD8+) cells inoculated with FIV-NCSU1 revealed magnesium-dependent RT activity by day 4, with peak RT activity seen between days 7 and 10 postinfection (Fig. 1) . FIV (22) . Because antifeline Ig was used to purify the Ig+ cell population, it is possible that infected T cells coated with anti-FIV antibody were sorted as Ig+ cells and are responsible for the positive signal in the Ig+ population. Therefore, lymphocyte sorting was also performed for six acutely infected cats between 2 and 4 weeks postinfection. At this time they were negative, by ELISA, for antibodies to FIV, and their CD4+ cell numbers had not decreased significantly compared with controls. As with the chronically infected cats, FIV provirus was detected in CD4+, CD8+, and Ig+ lymphocytes (Fig.  3A) . However, the relative level of provirus in the sorted populations was different. CD4+ cells contained the highest level of provirus, on the basis of blot intensity, while proviral levels in the Ig+ population were proportionally less than that seen in chronically infected cats.
Lymphocytes from these cats were collected and sorted again between 11 and 15 weeks postinfection. At this time the cats had developed an antibody response to FIV, and their CD4+/CD8+ ratios were less than 1 because of both a significant decrease in CD4+ cells and a significant increase in CD8+ cells. As shown in Fig. 3B The Ig+ provirus-positive cell is not a monocyte/macrophage. Macrophages have been shown to be susceptible to FIV infection (3), and thus circulating monocytes could potentially contribute to the provirus signal measured in the sorted lymphocyte subpopulations. Although it is unlikely that the cultured subpopulations contained monocytes 2 and 6 days after adherence to plastic, we used the antimonocyte antibody CM277 (34) and flow cytometry to evaluate monocyte contamination of sorted lymphocyte populations from the FIV-infected cats used for in Fig. 2 . While monocytes represented 0 to 6% of total, unsorted PBMCs, which is within the normal range for adult cats (12) , all three postsort, nonadherent populations were negative for monocytes.
We also used the CM277 MAb (34) and magnetic beads to purify monocytes from PBMCs and analyze the DNA for provirus. The percent monocytes in the peripheral blood of normal adult cats ranges from 0 to 5%, with a mean of 2% of total white cells (12) . This converts to a mean of 6% of the total unsorted PBMCs (30% of total white cells are lymphocytes [12] ). Therefore, the yield of purified monocytes, even when magnetic beads were used to sort, was extremely low. To overcome these problems, we identified a MAb, designated B5, that recognizes a non-Ig epitope on feline B cells. B5 was originally raised against an epitope on normal canine B cells and was found to also bind feline B cells. Two-color analyses using lymphocytes from either SPF or FIV-infected cats indicate that B5 and our pan-T-cell marker stain separate lymphocyte populations and that all B5-positive cells are also positive for feline Ig (Fig. 5) . In addition, two-color analyses using B5 and CM277 (the antimonocyte MAb) indicate they also stain separate populations of cells (Fig. 6) . Preincubation of B5 with feline Ig does not alter the ability of B5 to recognize B cells, suggesting that it binds to a membrane protein other than surface Ig.
The percentage of Ig+ cells that stain with B5 varies among cats, ranging from 70 to 95%.
Using either magnetic beads or FACS, we sorted B5-positive cells from six different FIV-infected cats to 95 to 99% purity and analyzed the DNA for the presence of FIV provirus. In all six cats, the B5 population was positive for provirus signal. Figure 4A shows a typical Southern blot from one of these cats. Furthermore, with three additional cats, we used two-color FACS to separate Ig+ B5+ and Ig+ B5-populations and found provirus in the Ig+ B5+ cells (Fig. 4B) . These results support the suggestion that the Ig+ cell is neither a T cell nor a monocyte and may be a B cell infected with FIV. provirus. As in the 16 experimentally infected cats, the strongest signal was seen in the Ig+ cell population (Fig. 7) . Production of infectious virus by lymphocyte subpopulations. To determine whether the provirus-positive lymphocyte populations were able to produce infectious virus, supernatants from short-term cultures of sorted lymphocytes from FIV-infected cats were assayed for RT activity. Shortterm cultures were used for two reasons: (i) to allow determination of basal-level virus production with minimal in vitro autoinfection occurring and (ii) because long-term culture of the Ig+ cells was not possible. Sorted lymphocytes from infected cats were cultured for 2 days, washed, placed in fresh medium, and cultured for an additional 4 days. The supernatants were then collected and assayed for the presence of RT activity. Figure 8A shows the RT activity in 4-day culture supernatants from lymphocyte subpopulations from two of the experimentally infected cats and from the original FIV-NCSU1 source cat. RT activity was low in the sorted lymphocyte culture supernatants, but the greatest activity was consistently detected in the Ig+ cell cultures. Amplification of the RT signal was achieved by adding the 4-day culture supernatants to FIV-susceptible FCD4-D cells.
RT activity developed in the cultures inoculated with supernatants from all three sorted lymphocyte populations, with peak activity developing earlier in cultures inoculated with Ig+ cell supernatant (Fig. 8B) . This pattern was similar for lymphocyte subpopulations from all six cats that were examined. These data demonstrate that infectious virus could be produced by all three lymphocyte populations in culture.
In vivo tropism of other FIV isolates. To determine whether the broad lymphocyte tropism was unique to FIV-NCSU1, lymphocytes from cats infected with three other isolates of FIV were examined for FIV provirus. Lymphocytes were sorted into subpopulations from two cats experimentally infected with the Petaluma isolate of FIV, one cat infected with the Mount Airy isolate of FIV, and one naturally infected cat presented to the North Carolina State University veterinary teaching hospital. All cats were clinically normal except for the naturally infected cat, which had chronic gingivitis, vitritis, and focal retinal degeneration. Similar to the FIV-NCSU1-infected cats, provirus was detected in CD4+, CD8+, and Ig+ cells from all four cats infected with the different FIV isolates (results for the Mount Airy and Petaluma isolates are depicted in Fig. 9 ; results for the naturally infected cat are not shown). The strongest signal from each of the three isolates was again in the Ig+ cell population.
DISCUSSION
Previous studies have demonstrated that FIV is capable of infecting feline T lymphocytes, macrophages, and astrocytes in vitro (3, 6, 23) . Highly productive and lytic infection of T lymphocytes in vitro (23) and observed alterations in T-cell numbers (1, 21, 33) and functions (15) in FIV-infected cats have supported the conclusion that FIV is predominately a T-lymphotropic virus. The results presented herein indicate that mononuclear cells, in addition to T lymphocytes and monocytes, are targets for FIV infection.
PCR and Southern blot analysis of highly purified lymphocyte subpopulations from 21 experimentally and naturally infected cats revealed FIV provirus in CD4+ cell-, CD8+ cell-, and Ig+ cell-enriched populations. This pattern of FIV provirus expression was found in 19 experimentally infected cats: 10 with long-term (212-month), asymptomatic FIV-NCSU1 infection, six with acute-stage (2-to 4-week) FIV-NCSU1 infection, two with the Petaluma isolate, and 1 with the Mount Airy isolate. In addition, two naturally infected cats, the original source cat for FIV-NCSU1 and a second cat with symptomatic FIV infection, had FIVgag sequences in CD4+, CD8+, and Ig+ cells.
The presence of FIV provirus in CD4+ and CD8+ cells was not unexpected, as Brown et al. (2) previously demonstrated that the Petaluma and Peepers isolates of FIV were capable of infecting both CD4+ cells and CD8+ cells cultured in vitro. Our studies show that FIV-NCSU1 also infects IL-2-dependent CD4+ and CD8+ cultured cells, as well as T-null cells that express neither the CD8 nor the CD4 marker. It is possible that the T-null cells represent NK cells or IL-2-activated LAK cells, which have recently been observed for the cat (32) . We were unable to confirm Ig+ cell infection in vitro because of the difficulty in maintaining viable Ig+ cells in culture.
Although macrophages have been shown to be susceptible (25, 27) .
In addition to finding FIV provirus in all three lymphocyte subpopulations, we were able to show that these subpopulations were able to produce infectious virus. We were able to demonstrate low levels of Mg2e-dependent RT activity in culture supernatants from all three subpopulations. Adding these culture supernatants to FCD4-D led to much greater RT activity, suggesting that these supernatants contained infectious virus. In both culture situations, the RT activity in the Ig+ population developed much more rapidly, and in the original cultures it achieved much higher levels, than the RT activity produced by either of the T-cell-enriched populations. This rapid induction of RT activity in the Ig+ cell population is interesting in the light of our sorting technique and supports the suggestion that it is indeed the B cell that is infected. We purified this population by using anti-cat Ig bound to magnetic beads, which leads to cross-linking and stripping of surface Ig. Cross-linking of B-cell surface Ig can lead to B-cell stimulation. If indeed B cells are infected, such stimulation could lead to more rapid virus production, as has been described for mitogen-stimulated, HIV-infected CD4+ cells (36) .
Of particular importance to understanding the pathogenesis of FIV, and perhaps HIV-1, is our observation that the CD4+ cell has the greatest provirus burden during the acute stage (2 to 6 weeks) of infection but not during the later asymptomatic stage. This high CD4+ provirus burden precedes the early reduction of CD4+ cells following FIV leading to a lower proviral burden in the population. Such differential susceptibility of subsets of cells has been demonstrated for both HIV and simian immunodeficiency virus. The memory subset of T cells as defined by CD45RA+ expression is preferentially infected by HIV-1 in vitro, and PCR amplification and Southern blotting indicate that this same subset of cells contains the majority of provirus in vivo (26) . Likewise, a memory subset of cells is preferentially susceptible to simian immunodeficiency virus in vitro and carries the greatest proviral burden in vivo (9, 35 Our data show that the Ig+ cell fraction bears the major FIV provirus burden during the asymptomatic infection and suggest that B cells are a target cell in this population. However, we cannot rule out the possibility that some yet-to-be-identified non-T, nonmonocyte cell exists at low levels in this population and is also a target of FIV. Because the immunological and clinical consequences of FIV infection, characterized by a reduction in CD4+ cells, an inversion of the CD4+/CD8+ ratio, and the development of AIDS (1, 21, 33) , are so similar to those of HIV infection (17) , it will be important to resolve this issue of tropism. Despite what appears to be a major difference in cell tropism, these two viruses have a similar immunopathogenesis, and in this regard, FIV infection should be considered an excellent model for HIV-1 pathogenesis.
